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Abstract 
The microfabrication and integration of carboxylated multi-wall carbon-nanotubes (CNT) monolayers on all-polymer 
micro-electromechanical systems (pMEMS) on glass substrates is presented. The multilayer structure is based on the 
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) blended conductive polymer to which CNT 
monolayers are electrostatically attached. The resonance frequency (fres) of the electrostatically actuated bridges was 
measured as a function of their length for different multilayer compositions. A significant increase in fres and quality 
factor with the addition of CNTs monolayers to the PEDOT:PSS structural material is observed. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
Polymer-based electronic devices and micro-electromechanical systems (pMEMS) is an expanding 
research field due to their relatively low cost, simple processing, and the variety of chemical structures 
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available. The possibility to engineer the mechanical, electronic and chemical properties of pMEMS is an 
advantage over conventional silicon MEMS. Polymers have low density, low Young’s modulus, and high 
yield strength. The mechanical and surface properties of polymers (as well as their blends and/or 
multilayers) can be adjusted by changing chemical and physical parameters and may lead to the 
development of novel sensors [1,2]. 
To achieve electrostatic actuation of a MEMS structure a conductive structural material or layer is 
needed. In this work we report the demonstration of an electrostatically actuated all-polymer MEMS 
resonator based on the conductive polymer, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) blend as the structural material [3] whose mechanical and resonance properties have been 
modified by the integration of carbon nanotubes (CNT). 
2. Results and discussion 
A multilayer consisting of spin coated PEDOT:PSS interspersed with carboxylated multi-wall CNT 
monolayers was developed to function as the structural layer in pMEMS microresonators. The 
PEDOT:PSS thin film was NH2-functionalized with 3-aminopropyltriethoxy silane (APTES). The 
carboxylated CNTs were electrostatically attached by dip coating to the functionalized surface through 
the interaction between the positively charged amine groups and the negatively charged carboxyl groups. 
A randomly oriented CNT monolayer was obtained as shown in the micrograph of Fig. 1. A surface 
roughness of 20-30 nm for the CNT surface and of 10 nm for the PEDOT:PSS:APTES film was 
determined from AFM analysis. Finally, a 100 nm protective layer of PMMA was spin coated 
(PEDOT:PSS/CNT/PMMA ≡ CNT1) on top. For comparison, a structure using a single PEDOT:PSS/ 
PMMA (≡ PEDOT) layer and a structure using a double layer (PEDOT:PSS/CNT)x2/PMMA structure 
(≡ CNT2) were also micro-fabricated and characterized. For CNT2 the 1st PEDOT:PSS layer is 300 nm 
thick and the 2nd PEDOT:PSS layer is 100 nm thick. All fabricated structures have a total thickness (t) of 
~500 nm. The microfabrication process, which was carried out at T ≤ 110 ºC, is schematically described 
in Fig. 2. 
Fig. 1. a) SEM micrograph of a monolayer of carboxylated multi-wall carbon nanotubes attached to an APTES-functionalized 
PEDOT:PSS thin film. 
Microbridges with widths (w) of 10 μm and lengths (L) from 32 to 67 μm were fabricated and 
characterized electromechanically. A SEM micrograph of a typical bridge structure is shown in Fig. 3. 
The resonance characteristics (fundamental flexural resonance frequency, fres, and quality factor, Q) were 
measured in vacuum (10-6 Torr) at room temperature by applying a voltage with DC and AC components 
between the bridge and the gate electrodes. Representative resonance peaks of PEDOT and CNT2 bridges 
are shown in Fig. 4. 
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Fig. 2. Schematic diagram (longitudinal cross section) of the micro-fabrication process of PEDOT:PSS/CNT/PMMA (CNT1) 
bridges. 
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Fig. 3. SEM micrograph of a CNT1 bridge with a ~1.3 μm air gap height (d), a length of 57 μm (L), a width of 10 μm (w), and a 
thickness of 520 nm. 
The addition of a CNT layer significantly increases the fres. Analytical mechanical modeling of the fres
of the different multilayer bridges was made using a model described previously [3]. A single CNT has a 
Young’s Modulus (E) ~1 TPa and a monolayer of dispersed CNTs would be expected to have an effective 
E somewhat smaller than this value. However, because of the axial stress present in the mulilayers, the 
simulated results were not very sensitive to the value of E for the CNTs and a value of E = 1 TPa and a 
thickness of 9.5 nm (corresponding to the average diameter of the CNTs) was used for the simulation. 
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Fig. 4. Characteristic electrostatically actuated and optically detected fundamental flexural resonance peak shapes of (a) 
PEDOT:PSS/PMMA (PEDOT) and (b) (PEDOT:PSS/CNT)x2/ PMMA (CNT2) all-polymer MEMS microbridges. 
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For PEDOT bridges, Q’s ~100 were obtained. The addition of a CNT layer significantly increases the 
Q-values which approach 1000 for the CNT2 bridges. The most significant source of energy loss (in the 
form of heat) for polymer microresonators is expected to come from internal friction when the bonds in 
the polymer structure chains move during the vibration of the structure [3]. The higher stress observed in 
the multilayer bridges suggests the presence of strong interfacial adhesion between the CNTs and the 
polymer matrix [4]. The CNT monolayers are expected to have high thermal conductivity and could help 
dissipate the heat produced by the internal friction of the polymer and thus lead to the observed increase 
in Q.
3. Conclusions 
 All-polymer, electrostatically actuated MEMS resonator bridges based on PEDOT:PSS blended 
conductive polymer with integrated carboxylated multi-wall CNT monolayers were microfabricated and 
characterized. The addition of CNT monolayers allowed the tuning of the mechanical properties of the 
composite and the improvement of the Q of the resonator. The fres for CNT-polymer composite bridges is 
dominated by the presence of increased axial stress.  
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